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E-mail address: bis@bio.dtu.dk (B. Svensson).Barley limit dextrinase (LD) that catalyses hydrolysis of a-1,6 glucosidic linkages in starch-derived
dextrins is inhibited by limit dextrinase inhibitor (LDI) found in mature seeds. LDI belongs to the
chloroform/methanol soluble protein family (CM-protein family) and has four disulﬁde bridges
and one glutathionylated cysteine. Here, thioredoxin is shown to progressively reduce disulﬁde
bonds in LDI accompanied by loss of activity. A preferential reduction of the glutathionylated cys-
teine, as indicated by thiol quantiﬁcation and molecular mass analysis using electrospray ionisation
mass spectrometry, was not related to LDI inactivation. LDI reduction is proposed to cause confor-
mational destabilisation leading to loss of function.
 2012 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
Barley limit dextrinase (LD) is one of the few enzymes of gly-
coside hydrolase family 13 that are regulated by a proteinaceous
inhibitor [1]. LD is the sole enzyme involved in starch debran-
ching during seed germination and has high activity towards
a-1,6 glucosidic linkages in a-limit dextrins and pullulan [2,3]
albeit very low activity on amylopectin [4]. Germinating seeds
contain both active LD and LD inactivated in complex with the
tight-binding endogenous limit dextrinase inhibitor (LDI) [5,6].
LDI belongs to a family of small (approx. 12 kDa) proteins with
4–5 disulﬁde bonds called CM-proteins (chloroform/methanol
soluble proteins) or cereal-type inhibitors, including inhibitors
of bacterial, fungal, and insect serine proteases and a-amylases
[7]. LDI is a monomer having four disulﬁde bridges and one
cysteine residue disulﬁde-linked to glutathione or cysteine
(Fig. 1) [8]. LDI is stable in a remarkably broad pH range andon behalf of the Federation of Euro
soluble protein; DTNB, 5,50-
I MS, electrospray ionisation
y NADPH-dependent thiore-
M, iodoacetamide; LD, limit
molecular weight; nanoES,at exceptionally high temperatures [9]. The LDI gene is only ex-
pressed during seed development and from about two days after
the onset of germination the LDI protein level decreases concom-
itant with an increase of LD activity [5,10]. The loss of LDI has
been proposed to stem from degradation by cysteine proteases
appearing at germination [5,11] and also from disulﬁde reduc-
tion by thioredoxin (Trx) [12]. Thus overexpression of wheat
Trxh in endosperm of germinating barley led to fourfold increase
of LD activity [13].
Trx reduces target protein disulﬁde bonds with concomitant
oxidation of its active site CXXC motif [14]. Regeneration of re-
duced Trx is coupled to electron transfer via NADPH-dependent
thioredoxin reductase (NTR). In cereal seeds, reduction of disul-
ﬁdes in proteinaceous hydrolase inhibitors by h-type Trx was pro-
posed to facilitate starch mobilisation [15]. Structural and
biochemical properties of barley (Hordeum vulgare) Trxh (HvTrxh)
have been characterised [16–20] and a large number of potential
target proteins were identiﬁed using proteomics approaches,
including a-amylase inhibitors of the CM-protein family [21–24].
No correlation, however, of the extent of disulﬁde reduction and
loss of inhibitor activity has been reported. Breakthroughs in pro-
duction of recombinant LDI [9] and LD [25] now made detailed
investigation possible of HvTrxh-mediated disulﬁde reduction
and its impact on the activity of LDI.pean Biochemical Societies.
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Fig. 1. (A) Homology model of LDI based on the crystal structure of the bifunctional
a-amylase/trypsin inhibitor from ragi seeds (PDB ID: 1B1U). (B) Predicted cysteine
connectivity based on the structure of the inhibitor from ragi.
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Fig. 2. Percentage LD activity after treatment of LD, LDI, and the LD/LDI complex
with HvTrxh1 (black), HvTrxh2 (gray), or DTT (dark gray); control (white) without
HvTrxh1/HvTrxh2/DTT (see text for details). Error bars indicate SD in duplicate
experiments.
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2.1. Proteins
Recombinant LD [25] and C-terminally His6-tagged LDI [9] were
produced in Pichia pastoris. N-terminally His6-tagged HvTrxh1,
HvTrxh2, and HvNTR2 were produced in Escherichia coli [17,19].
Protein concentrations were determined spectrophotometrically
at 280 nm using molar extinction coefﬁcients determined by aid
of amino acid analysis [9,17,19,25].
2.2. Analysis of effect of HvTrxh on the LDI and LD activities
HvTrxh1 or HvTrxh2 (4 lM) reacted (at RT) with 1 lM LD,
20 lM LDI, or a mixture of 1 lM LD and 1 lM LDI – forming the
LD/LDI complex [9] – in 0.1 lM HvNTR2, 4 mM NADPH, 6 mM
EDTA, 100 mM Tris–HCl, pH 8.0 (ﬁnal volume 50 ll) for 1 h (LDI
also 3 and 9 h). In parallel, 1 lM LD, 20 lM LDI, or 1 lM LD/LDI
were treated with 10 mM DTT, 100 mM Tris–HCl, pH 8.0 for 2 h
(RT). LD-containing reaction mixtures were diluted to 20 nM LD;
LDI samples were incubated with 20 nM LD at 1:1 M ratio for
15 min. LD activity was measured towards pullulan essentially as
described [25]. Brieﬂy, one Limit-Dextrizyme substrate tablet
(Megazyme, Bray, Ireland) was added to 20 nM LD (500 ll) in
100 mM sodium acetate, pH 5.5, 0.005% (v/v) Triton X-100 after
15 min pre-equilibration at 40 C. The reaction (10 min) was
stopped by 5 ml 1% (w/v) Tris base. The suspension was left
10 min (RT), centrifuged (2 ml, 20000g, RT, 10 min), and the absor-
bance (590 nm) was measured and correlated to a standard curve
provided by the manufacturer. One activity unit (U) is deﬁned as
the amount of LD that releases one lmole of glucose reducing
equivalents per min from pullulan [1]. One LDI inhibitor activity
unit is deﬁned as the change in LD U per lg LDI (DU/lg LDI) [26]
and is reported as percentage of inhibition. Noticeably, at LD/LDI
of molar ratio 1:1 the Limit-Dextrizyme method does not show100% inhibition, probably due to LDI binding to insoluble substrate
– as seen for other CM-proteins [27]. The apparent <100% inhibi-
tion is not due to loss of LDI functionality as complete inhibition
was observed in reducing sugar analysis of soluble pullulan hydro-
lysed by LD [9]. A reducing sugar assay, however, is incompatible
with conditions used in studies of disulﬁde reduction.
2.3. DTNB analysis of HvTrxh-catalysed LDI thiol release
HvTrxh1 or HvTrxh2 (4 lM) reduction of LDI (20 lM) in 0.1 lM
HvNTR2, 4 mM NADPH, 6 mM EDTA, 100 mM Tris–HCl, pH 8.0
(500 ll) at RT in the dark was monitored by using 5,50-dithi-
obis(2-nitrobenzoic acid) (DTNB) to quantify thiol group formation
[28]. Aliquots (50 ll) were removed at time intervals and mixed
with 6 M guanidine hydrochloride, 100 mM Tris–HCl, pH 8.0,
0.4 mM DTNB (50 ll) in a 16  24 microtiter plate. The absorbance
at 412 nm was measured after approximately 5 min (ELISA reader;
BioTek, Winooski, VT) and thiol groups were quantiﬁed using N-
acetyl-L-cysteine (0–350 lM) as standard. Controls containing LDI
or HvTrxh1/HvTrxh2 and HvNTR2 were used to correct for thiols
in the proteins and indicated on average 3.7 and 2.6 free thiol
groups per molecule of HvTrxh1 and HvTrxh2, respectively, while
LDI gave no free thiols.
2.4. Reduction of LDI by DTT
LDI (200 lM) was incubated (at RT) in 200 mM DTT, 100 mM
Tris–HCl, pH 8.0 (110 ll) for 60 min followed by removal of DTT
(100 ll) using NAPTM-5 columns (GE Healthcare, Uppsala, Sweden)
equilibrated with 100 mM Tris–HCl, pH 8.0 (500 ll). Thiol analysis
in the eluate using DTNB (as above) and controls of either 200 mM
DTT or 200 lM LDI conﬁrmed DTT removal and LDI recovery.
2.5. HvTrxh-mediated release of low molecular weight (LMW) thiol
from LDI
HvTrxh (4 lM), 20 lM LDI, 0.1 lM HvNTR2, 4 mM NADPH,
6 mM EDTA in 100 mM Tris–HCl, pH 8.0 (600 ll) reacted (at RT)
in the dark and aliquots (80 ll) were mixed at time intervals with
6 M guanidine hydrochloride, 100 mM Tris–HCl, pH 8.0 (80 ll).
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Fig. 4. Release of low molecular weight thiols from LDI by HvTrxh1 (s) and
HvTrxh2 (h). Conditions: 20 lM LDI, 4 lM HvTrxh1 or HvTrxh2, 0.1 lM HvNTR2,
4 mM NADPH in 100 mM Tris–HCl, pH 8.0 (RT). Error bars indicate SD in duplicate
experiments.
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0.5 ml 3 K centrifugal ﬁlters; 10000g, RT, 60 min; Millipore, Cork,
Ireland) and 1.0 mM DTNB (20 ll) was added to the ﬂow-through
(80 ll) to quantify LMW thiol groups (see above) using N-acetyl-
L-cysteine (0–25 lM) as standard. GSH was completely recovered
in the ﬂow-through (Supplementary Fig. 1) that did not contain
LDI as veriﬁed by SDS–PAGE (Supplementary Fig. 2).
3. Results and discussion
3.1. HvTrxh inactivation of LDI
LD inhibitory activity of LDI decreased in the presence of
HvTrxh1 or HvTrxh2 and was essentially completely lost after
9 h, whereas neither LD alone nor LD and LDI in the LD/LDI com-
plex were affected by such treatment (Fig. 2). In comparison,
200 mM DTT reduced the LDI activity in the LD/LDI complex by
about 50% after 1 h. The inability of HvTrxh to inactivate LDI when
bound to LD supports previous observations [11] and suggests that
complex formation with LD shields the disulﬁde bonds in LDI from
HvTrxh although they appear to be accessible to DTT. Moreover it
suggests that HvTrxh does not elicit dissociation of the LD/LDI
complex during seed germination. However, it cannot be ruled
out that HvTrxh acts in concert with e.g. cysteine proteases to facil-
itate release of LDI [5,11]. This ﬁnding has biological as well as
brewing technological relevance [6,11,29].
3.2. LDI disulﬁde reduction by HvTrxh
Treatment (1 h) of LDI with HvTrxh1 or HvTrxh2 released on
average 5.3 and 4.0, respectively, of a possible maximum of 10
thiol groups (Fig. 3, insert), reﬂecting the reported higher reactivity
of HvTrxh1 [20]. Longer incubation (9 h) caused essentially com-
plete reduction of all LDI disulﬁde bonds, HvTrxh1/HvTrxh2 releas-
ing 9.8/9.2 thiol groups per molecule of LDI (Fig. 3). The progress of
disulﬁde reduction correlates with loss of LDI activity, which
reached 95% after 9 h. The slow reaction may reﬂect that Trxh
mediates inactivation of LDI by impeding the conformational sta-
bility, rather than by a local change of structural features in the
part of LDI interacting with LD.0 2 4 6 8 10
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Fig. 3. LDI reduction by HvTrxh1 (s) and HvTrxh2 (h) monitored (0–9 h) as release
of thiol groups (_____), and loss of LDI activity (- - -). Insert shows release of thiol
groups (0–60 min). Conditions: 20 lM LDI, 4 lM HvTrxh1 or HvTrxh2, 0.1 lM
HvNTR2, 4 mM NADPH in 100 mM Tris–HCl, pH 8.0 (RT). Error bars indicate SD in
duplicate experiments.3.3. Deglutathionylation of LDI by HvTrxh
The LMW thiol released by HvTrxh1/HvTrxh2 (Fig. 4) probably
stems from removal of GSH disulﬁde-linked with LDI Cys59
(Fig. 1). Noticeably, HvTrxh1 and HvTrxh2 equally efﬁciently re-
leased LMW thiols (Fig. 4) as opposed to the more efﬁcient overall
reduction of LDI disulﬁdes by HvTrxh1 (Fig. 3). LDI was 80% and
100% deglutathionylated after 1 and 3 h, respectively (Fig. 4). The
GSH binding to LDI was not essential for function as fully deglu-
tathionylated LDI retained 70% LD inhibitory activity (Fig. 2).
Although a large number of Trx target proteins have been identi-
ﬁed in different biological systems, surprisingly few cases are
documented of Trx-mediated deglutathionylation [30,31]. In this
context LDI is a remarkable example demonstrating preferential
release of glutathione compared to reduction of intramolecular
disulﬁde bridges.
3.4. ESI MS analysis of LDI reduced by HvTrxh1
Very complex ESI MS spectra reﬂected formation of different
molecular species of LDI by 1 h treatment with HvTrxh1 followed
by IAM alkylation (Supplementary Fig. 3). The major LDI compo-
nent of 13,504.6 ± 0.7 Da corresponded to equimolar carboxamida-
tion (theoretical mass = 13,504.3 Da) in agreement with HvTrxh
having preference for deglutathionylation. A very minor compo-
nent of 13,810 ± 0.9 Da matched glutathionylated LDI alkylated
by one IAM group, while other minor signals corresponded to
deglutathionylated IAM2- or IAM3-LDI. Eventually, after 9 h
HvTrxh1 treatment LDI having all disulﬁdes reduced and IAM
alkylated (theoretical value = 13,968.8 Da) gave a prominent ESI
MS signal of 13,968.7 ± 0.6 Da, in accordance with 9.8 free thiol/
LDI determined using DTNB (Fig. 3).
4. Conclusion
Complete disulﬁde reduction of LDI by HvTrxh was accompa-
nied by complete loss of LD inhibition. Neither deglutathionylation
nor reduction of a speciﬁc disulﬁde bridge seemed to cause loss of
LDI activity, which therefore is proposed to occur as a result of
2482 J.M. Jensen et al. / FEBS Letters 586 (2012) 2479–2482conformational destabilisation due to multiple disulﬁde reduc-
tions. In vivo during seed germination slow HvTrxh catalysed
reduction of disulﬁde bonds and unfolding of LDI may facilitate
proteolytic degradation of LDI.
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